In a recently developed in vitro analog of appetitive classical conditioning of feeding in Aplysia, the unconditioned stimulus (US) was electrical stimulation of the esophageal nerve (En). This nerve is rich in dopamine (DA)-containing processes, which suggests that DA mediates reinforcement during appetitive conditioning. To test this possibility, methylergonovine was used to antagonize DA receptors. Methylergonovine (1 nM) blocked the pairing-specific increase in fictive feeding that is usually induced by in vitro classical conditioning. The present results and previous observation that methylergonovine also blocks the effects of contingent reinforcement in an in vitro analog of appetitive operant conditioning suggest that DA mediates reinforcement for appetitive associative conditioning of feeding in Aplysia.
The feeding behavior of Aplysia californica provides an attractive model system for investigating the cellular and molecular mechanisms underlying associative learning (see Susswein and Schwartz 1983; Colwill et al. 1997; Elliot and Susswein 2002; Katzoff et al. 2002; Brembs 2003; Brembs et al. 2004; Cropper et al. 2004) . For example, aspects of feeding behavior (i.e., biting) can be modified by appetitive classical conditioning (Colwill et al. 1997; Lechner et al. 2000a) ; the isolated nervous system readily generates fictive feeding patterns (see Church and Lloyd 1994; Nargeot et al. 1997) ; neural correlates of conditioning can be identified and studied in the isolated nervous system (Lechner et al. 2000b; Lorenzetti et al. 2004) ; and in vitro analogs, which are amenable to cellular and molecular analyses, recapitulate behavioral and neural changes that follow in vivo training (Mozzachiodi et al. 2003; Brembs et al. 2004; Lorenzetti et al. 2004) . Several lines of evidence indicate that the esophageal nerve (En) mediates the effects of the unconditioned stimulus (US) during appetitive classical conditioning. First, ingestion of food was used as the US during behavioral conditioning (Lechner et al. 2000a) , and the ingestion of food is correlated with increased activity in En (Brembs et al. 2002) . Second, lesions of En block conditioning (Lechner et al. 2000a) . Finally, electrical stimulation of En during the in vitro analog of classical conditioning mimics the effects of the US that are produced by behavioral training (Mozzachiodi et al. 2003; Brembs et al. 2004; Lorenzetti et al. 2004) . Histochemical analyses indicate that processes within En contain dopamine (DA) (Kabotyanski et al. 1998) , which suggests that DA may mediate the effects of the US during appetitive classical conditioning. Therefore, the present study investigated whether methylergonovine, which is an antagonist of DA receptors (Ascher 1972; Drummond et al. 1980; Wright and Walker 1984; Buckett et al. 1990; Teyke et al. 1993; Nargeot et al. 1999c) , blocks the acquisition of the pairing-specific changes in fictive feeding that are produced by the in vitro analog of classical conditioning.
The experimental procedures of the present study were identical to those described previously (Mozzachiodi et al. 2003) . Briefly, the buccal and cerebral ganglia were isolated with selected nerves attached. The ganglia were pinned to the floor of a Petri dish, which was coated with silicone elastomer (Sylgard, Dow Corning) and contained artificial seawater (ASW) with high concentrations of divalent cations (high divalent ASW) composed of (in mM) 210 NaCl, 10 KCl, 145 MgCl 2 , 20 MgSO 4 , 33 CaCl 2 , and 10 HEPES (pH 7.5) (Mozzachiodi et al. 2003) . The high divalent ASW was used to reduce neural activity while the ganglia and nerves were being positioned in the recording chamber (Byrne et al. 1978) . The connective tissue sheath that covers the ganglia was left intact. After pinning the ganglia, platinum electrodes were positioned against appropriate nerves (see below) and isolated from the bath with petroleum jelly (Vaseline, Sherwood Medical). Then, the high divalent ASW was exchanged for control saline (i.e., normal ASW) or saline containing 1 nM methylergonovine (Sigma Chemical). The composition of the control saline (in mM) was as follows: 450 NaCl, 10 KCl, 10 CaCl 2 , 30 MgCl 2 , 20 MgSO 4 , and 10 HEPES (pH 7.5). The preparations were maintained at 15°C by means of a bipolar temperature controller (Model MWS2107FL, Cambion Thermoelectric Products). Conventional extracellular recording and stimulation techniques were used (Nargeot et al. 1997; Mozzachiodi et al. 2003) . Electrical stimulation (4 sec, 10 Hz, 0.5-msec pulses) of the anterior branch of the right En (see Nargeot et al. 1997 ) was used as analog of the US. The US had approximately the same frequency and duration of electrical activity in the En that has been observed during feeding (Brembs et al. 2002) . The CS was electrical stimulation (8 sec, 5 Hz, 0.5-msec pulses) of the most medial and ventral branch of the right anterior tentacle nerve (AT4, see Lechner et al. 2000b ). The frequency of AT4 stimulation used was similar to that recorded in vivo during mechanical stimulation of the tentacles (Anderson 1967; Fredman and Jahan-Parwar 1980) . With the use of in vivo recordings from buccal nerves (Morton and Chiel 1993) , it is possible to identify patterns of fictive feeding that are the neural correlates of consummatory feeding behavior. As in previous studies (Nargeot et al. 1997 (Nargeot et al. , 1999a Lechner et al. 2000b; Mozzachiodi et al. 2003) , patterns of fictive feeding (i.e., buccal motor programs [BMPs] ) were monitored as coordinated bursts of large-unit activity in buccal nerves Bn2.1, Rn1, and I2 of the right buccal ganglion (for details, see Nargeot et al. 1997) . The nerve signals were amplified with a differential AC amplifier (Model 1700, A-M Systems). Activity in the I2 nerve corresponds to the protraction (P) of the radula, whereas activity in Bn2.1 corresponds to the retraction (R) of the radula, and large-unit activity in Rn.1 corresponds to closure (C) of the radula. The CS-evoked BMPs were classified as ingestion-like or rejection-like BMPs according to the criteria described in Nargeot et al. (1997) . Only patterns that consisted of activity in all three buccal nerves clustered in a complete protraction/retraction cycle were classified as BMPs. Patterns consisting of trains of activity in only one or two of the three nerves were classified as incomplete patterns and were not included in the study.
A total of 81 preparations were used in this study. Control saline was used in one half of the preparations, and saline containing 1 nM methylergonovine was used in the other half. Each preparation was assigned to one of four groups: paired or unpaired training in control saline or paired or unpaired training in the presence of methylergonovine. The experimenter was not aware of which solution was present in the bath. Thirty minutes after exchanging the high divalent ASW for control saline or saline containing 1 nM methylergonovine, the intensity of the US was adjusted so that the US elicited a BMP, and the intensity of the CS was adjusted so that a single CS elicited only sporadic, nonpatterned neural activity. The intensities of the US and the CS were determined independently in each experiment based on the response of the preparation. Once the intensities of the CS and the US were set, they remained fixed throughout the remainder of the experiment. Approximately 10 min after adjusting the intensity of the US and the CS, four CSs were delivered with an interstimulus interval (ISI) of 1 min (i.e., Pre-test), and the total number of CS-elicited BMPs occurring during a 1-min period following each CS was counted. The total observation time of the Pre-test was 4 min. Training began 10 min after the conclusion of the Pre-test. Two groups received either paired or unpaired training while bathed with control saline, whereas the other two groups received either paired or unpaired training in the presence of saline containing 1 nM methylergonovine. In the paired training, the CS preceded the US with an ISI of 4 sec. In the unpaired protocol, the ISI between CS and US was 2 min. Training consisted of 10 trials with an intertrial interval of 4 min. The experimenter, who was unaware of the type of solution used in a given experiment, counted the patterns. A second observer independently scored the data. To determine the reliability of the scoring process, the results obtained by the two observers were compared with the Kendall's coefficient of concordance (Zar 1999) . The coefficient of concordance (W = 0.963) indicated significant agreement between the two observers. Preparations were included in the present study only if the US elicited a BMP in at least half of the 10 training trials. Twenty-nine preparations failed to meet this criterion and were discarded. Of the discarded preparations, 55.2% were treated with control saline and 44.8% were treated with methylergonovine. Thus, the discarded preparations were evenly distributed between the group treated with control saline and the group treated with saline containing methylergonovine. Sixty minutes after the last conditioning trial, four CSs were presented with an ISI of 1 min (i.e., Post-test), and the number of CS-evoked BMPs occurring during a 1-min period following each CS was counted. The total observation time of the Post-test was 4 min. The experiments were conducted in blocks of two preparations (i.e., paired training and unpaired training).
The effects of the training protocol were measured as the difference in the number of CS-evoked BMPs (i.e., Post-test minus Pre-test). During the Pre-test the responsiveness of the preparations to the four CSs was very low. The mean (‫ע‬SEM) numbers of BMPs during the Pre-test were as follows: 0 ‫ע‬ 0 (Pre-test of paired group in control saline), 0.30 ‫ע‬ 0.48 (Pre-test of unpaired group in control saline), 0.23 ‫ע‬ 0.59 (Pre-test of paired group in methylergonovine), and 0.15 ‫ע‬ 0.55 (Pre-test of unpaired group in methylergonovine). No significant differences were observed in the number of BMPs that were evoked by the four CSs during Pre-tests across all four groups (Kruskal-Wallis one-way analysis of variance, H = 5.45, DF = 3, P = 0.161), which indicates the ganglia in the four groups were comparable before the training began.
Although the effects of methylergonovine on Aplysia neurons have not been extensively characterized, several studies have shown that methylergonovine acts primarily as an antagonist of DA receptors (Ascher 1972; Drummond et al. 1980; Gospe and Wilson 1981; Teyke et al. 1993; Nargeot et al. 1999c; Díaz-Ríos and Miller 2005) . Nargeot et al. (1999c) examined the doseinhibition relationship between the bath concentration of methylergonovine and the expression of BMPs. High concentrations of methylergonovine (e.g., 1 µM) block the ability of preparations to produce BMPs, whereas low concentrations, such as 1 nM, had very little effect on the baseline ability of preparations to generate BMPs. However, 1 nM methylergonovine blocks associative changes in neural activity normally produced by contingent reinforcement in the in vitro analog of operant conditioning. We also found that 1 nM methylergonovine had no detectable effect on the baseline properties of preparations. In the present study, 1 nM methylergonovine had no effect on the response of preparations to the electrical shock that was used as the US. The intensity of the US sufficient to produce a BMP did not significantly differ among the unpaired and paired groups treated with either control saline or saline containing methylergonovine (Kruskal-Wallis one-way analysis of variance, H = 1.059, DF = 3, P = 0.787) (Fig. 1A) . The mean (‫ע‬SEM) values of the intensity of the US were as follows: 8.9 ‫ע‬ 0.2 V (paired trained in control saline), 8.9 ‫ע‬ 0.2 V (unpaired trained in control saline), 8.7 ‫ע‬ 0.1V (paired trained in methylergonovine), and 9.2 ‫ע‬ 0.4 V (unpaired trained in methylergonovine). Similarly, 1 nM methylergonovine had no effect on the response of preparations to the electrical shock that was used as the CS. No significant differences were observed in the intensity of the CS among the unpaired and paired groups treated with either solution (Kruskal-Wallis one-way analysis of variance, H = 1.745, DF = 3, P = 0.672) (Fig. 1B) . The intensities of the CS were as follows: 7.2 ‫ע‬ 0.9 V (paired trained in control saline), 6.6 ‫ע‬ 0.8 V (unpaired trained in control saline), 7.5 ‫ע‬ 0.7 V (paired trained in methylergonovine), and 7.3 ‫ע‬ 1.5 V (unpaired trained in methylergonovine). Finally, no significant differences were found in the number of BMPs elicited during training among the paired and unpaired preparations treated with either control saline or saline containing methylergonovine (Kruskal-Wallis oneway analysis of variance, H = 3.579, DF = 3, P = 0.311) (Fig. 1C) . Therefore, methylergonovine did not change the responsiveness of the ganglia to electrical stimulation of either En or AT4.
Although methylergonovine had no effect on the responsiveness of the ganglia to the CS or the US, it prevented the acquisition of the pairing-specific increase in the number of CSevoked BMPs that is typically observed following in vitro classical conditioning (Mozzachiodi et al. 2003) . Figure 2 illustrates representative recordings of CS-evoked BMPs in preparations that received paired and unpaired training while bathed either in control saline or in saline containing methylergonovine. In this example, a difference of two CS-evoked BMPs occurred between the Pre-test and the Post-test of the preparation trained with the paired protocol while in control saline ( Fig. 2A) . In contrast, no difference was observed in the number of CS-evoked BMPs in the Dopamine-mediated reward in appetitive conditioning
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www.learnmem.org preparation that received the paired training protocol while in the presence of methylergonovine (Fig. 2C) . The number of CSevoked BMPs was not different between Pre-test and Post-test in preparations that received the unpaired training protocol independent of the solution (i.e., control saline or methylergonovine) (Fig. 2B,D) . Thus, methylergonovine prevented the acquisition of conditioned changes in fictive feeding.
Summary data are presented in Figure 3 . Statistical comparisons (i.e., Kruskal-Wallis one-way analysis of variance) indicated a significant difference in the effects of the training paradigms (H = 21.469, DF = 3, P < 0.001) that depended on the type of solution. Confirming Mozzachiodi et al. (2003) , post hoc pairwise comparisons (i.e., Student-Newman-Keuls) indicated that in control saline the difference in the number of CS-evoked BMPs in the paired group was significantly greater than the difference in the number of CS-evoked BMPs in the unpaired group (q = 4.758, P < 0.05). This pairing-specific enhancement demonstrated that classical conditioning occurred. In contrast, in the presence of methylergonovine, the difference in the number of CS-evoked BMPs in the paired group was not significantly different from that of preparations that received the unpaired training protocol (q = 2.321, P Ն 0.05). These data indicated that classical conditioning failed to occur in the presence of an antagonist of DA receptors. Moreover, the increase in the number of CS-evoked BMPs in the paired control group was significantly greater than the increase in the number of CS-evoked BMPs in the paired methylergonovine group (q = 5.584, P < 0.05). This result indicated that methylergonovine impaired the associative increase in CS-evoked fictive feeding produced by in vitro classical conditioning. Finally, the number of CS-evoked BMPs in the unpaired control group was not significantly different than the number of CS-evoked BMPs in the unpaired group treated with methylergonovine (q = 1.523, P Ն 0.05). Taken together, these results indicate that 1 nM methylergonovine blocked the association between the CS and the US in the in vitro analog of classical conditioning.
In addition, the CS-evoked BMPs were classified. Because of the very low number of CS-evoked BMPs produced during the Pre-test (see above), we focused on the CS-evoked BMPs elicited during the Post-test. The number of CS-evoked ingestion-like BMPs during the Post-test was significantly different among the four groups of preparations (Kruskal-Wallis one-way analysis of variance, H = 17.507, DF = 3, P < 0.001). Post hoc pairwise comparisons (i.e., Student-Newman-Keuls) revealed that the number of CS-evoked ingestion-like BMPs in the paired group bathed with control saline was significantly greater when compared to the other three groups of preparations, which did not signifi- Figure 1 . Effect of 1 nM methylergonovine on the intensity of the electric shocks that were used for the US (A) and CS (B), and on the number of BMPs elicited during training (C). (A) The intensity of stimulation that was used for the US (i.e., minimum En stimulus necessary to elicit a BMP) did not differ significantly among the four groups. (B) Similarly, methylergonovine had no effect on the minimum intensity of AT 4 stimulation (i.e., the CS) that was necessary to elicit sporadic activity in the nerves. (C) No significant differences were found in the number of BMPs elicited during training among the paired and unpaired preparations treated with either control saline or saline containing methylergonovine. N.S. indicates that the difference was not statistically significant in this and subsequent figures. cantly differ from each other. These results confirm previous findings that the conditioning protocol was appetitive (Lechner et al. 2000b; Mozzachiodi et al. 2003) .
DA is an important chemical transmitter in invertebrate nervous systems (see Gerschenfeld 1973; Gospe 1983; Goldstein and Schwartz 1989; Kabotyanski et al. 1998; Díaz-Ríos et al. 2002; Díaz-Ríos and Miller 2005) . For example, several lines of evidence indicate that DA plays a role in appetitive operant conditioning (Nargeot et al. 1999c ). Stimulation of En, which is rich in DAcontaining processes, can function as positive reinforcement during in vivo operant conditioning (Brembs et al. 2002) . Similarly, in the in vitro analog of operant conditioning (Nargeot et al. 1997 (Nargeot et al. , 1999a , electrical stimulation of En delivered contingently with the expression of ingestion-like BMPs functions as a positive reinforcement. DA also mimics the effects of positive reinforcement in a single-cell analog of operant conditioning with cultured neuron B51 (Brembs et al. 2002) . In all three preparations, contingent reinforcement produced an increase in the input resistance and a decrease in the threshold for plateau potential initiation in neuron B51 (Nargeot et al. 1999a,b) . Finally, the contingent-dependent increase in the frequency of ingestionlike BMPs during in vitro operant conditioning was blocked when training occurred in the presence of 1 nM methylergonovine (Nargeot et al. 1999c ). Thus, DA appears to mediate reinforcement during appetitive operant conditioning.
The present study suggests that DA also mediates the effects of the US in appetitive classical conditioning. Methylergonovine, which acts as a DA-receptor antagonist, blocked the pairingspecific enhancement of the number of CS-evoked BMPs but did not change the responsiveness of the ganglia to the CS and US. We propose that the effects of methylergonovine on the change in the number of BMPs in the ganglia trained with the paired protocol were due to the blockade of the reinforcing effects mediated by dopaminergic transmission from the En. The possibility that methylergonovine may affect not only the acquisition but also the retrieval of conditioned changes in fictive feeding cannot be ruled out because the DA antagonist was bath-applied for the entire duration of the experiment. In addition, although the En is rich in DA-containing processes (Kabotyanski et al. 1998 ) and provides dopaminergic synaptic input to neurons such as B51 (Nargeot et al. 1999c) , other dopaminergic neurons, including B20 and B65, are present in the feeding system (Teyke et al. 1993; Kabotyanski et al. 1998 ). These neurons also may be potential sites of action of the block of learning exerted by methylergonovine.
DA also plays a critical role in associative learning in mammals (Schultz 1997; Wise 2004; Liu et al. 2004) . Pharmacological blockade of DA receptors interferes with the acquisition of conditioned behaviors produced by classical and operant conditioning procedures (Schultz 1997; Eyny and Horvitz 2003) , and reinforcing stimuli activate dopaminergic neurons (Shizgal and Murray 1989; Schultz 2001) . Moreover, the activity of dopaminergic neurons is correlated with changes in the parameters of reinforcing stimuli such as probability, uncertainty, and magnitude (Cromwell and Schultz 2003; Martin-Soelch et al. 2003; Fiorillo et al. 2003) . The present results suggest that DA plays a similarly important role in associative learning in Aplysia. Feeding behavior of Aplysia provides a model system to future studies that will examine the cellular and molecular mechanisms of DA-mediated reinforcement. Figure 3 . Methylergonovine prevented learning during the in vitro analog of classical conditioning. In control saline, paired training significantly increased the number of CS-evoked BMPs compared with preparations that received unpaired training (1). In methylergonovine, the number of CS-evoked BMPs after paired training was not significantly different from the number of CS-evoked BMPs after unpaired training (2). Finally, the number of CS-evoked BMPs from the paired group in the presence of methylergonovine was significantly less than those from the paired group in the presence of the control saline (3).
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